Introduction
Soil physical and chemical properties and crop yields vary spatially and temporally on different scales. The variability is largely influenced by pedogenesis processes (Gilliam and Dick, 2010; Moradi et al., 2016) , topography (Jankowski et al., 2011) , and agricultural practices including tillage operations, compaction, chemical application, and harvesting (Alaoui et al., 2011; Gajda et al., 2016; Ozpinar and Ozpinar, 2015; Schjønning et al., 2009 ).
Knowledge about soil variability is essential in precise determination of the most appropriate and localized management practices and amendments to improve and align soil conditions and quality for an effective use of water and nutrients and crop growth (Bölenius et al., 2017; Kumhálová and Matějková, 2017; Usowicz and Lipiec, 2017) . For example, variable-rate management practices such as fertilization and irrigation based on spatial data of chemical and soil water status (Sadler et al., 2005; Pedrera-Parrilla et al., 2016; Mubarak et al., 2016) help to limit the use of agricultural chemical and water and to reduce leaching and environmental pollution (Adamchuk and Viscarra Rossel, 2011; Bogunovic et al., 2014; Hedley and Yule, 2009) . Further, analysis of the spatial dependency of soil water status along with weather conditions are key issues for modelling soil water dynamics and balance (Awe et al., 2015; Kędzior and Zawadzki, 2016; Schwen et al., 2014) .
The spatial distribution of different soil properties can be evaluated by classical and spatial statistics using direct semivariograms and cross-semivariograms (Goovaerts, 1999; Webster, 2008) . Semivariograms describe the dependence of the values of a given variable on the distance between the sampling sites and thereby the spatial structure of the variation. Thus, they help in designing a sampling setup including the number of samples required for adequate description of the soil and yield in agricultural areas (Jabro et al., 2010; Moradi et al., 2016) . When different variables are related, their joint spatial patterns can be evaluated by cross-semivariograms. Cross-semivariogram data and maps obtained with the co-kriging procedure allow prediction of time-consuming and/or costly variables from those measured more easily. Using cross-semivariograms, Jabro et al. (2010) found that soil penetration resistance was spatially correlated with water content, total porosity, and saturated hydraulic conductivity. The study by Walter et al. (2002) showed spatial interdependence between weed species density and soil properties such as clay, phosphorus contents and pH, and the extent of the spatial dependence varied among the study years. However, little information is available about the spatial and inter-annual variability of crop yields and soil properties, especially on a field scale, although it is the main methodological means for implementing precision agriculture technology of different intensity to compensate and improve soil conditions for strengthening crop growth (Diacono et al., 2013; Usowicz et al., 2009; Webster, 2008) .
Therefore, the objectives of the three-year study were to determine the field-scale spatial variability of cereal yields and selected inherent soil properties, including textural fractions, and slightly variable properties such as pH, soil organic carbon (SOC), cation exchange capacity (CEC), and dynamic soil water content and bulk density. Classical statistics and spatial statistics including descriptive statistics, direct semivariograms, cross-semivariograms and kriging maps were used to explore the spatial variability of variables and the spatial relationships between the cereal yields and the soil properties. This study will support research aiming at development of soil improving cropping systems within the SoilCare project (EU Horizon 2020 Program) realized in 2016-2021.
Materials and methods

Study area and tested cereals
The experiment was conducted during the cropping seasons in 2001, 2002 and 2003 in Łuków County, Podlasie region, Poland (51°58′51.8″N 22°32′22.9″E) on a field (600 × 40 m) within a private farm. The tested crops in the successive years were wheat (Triticum aestivum L.), a wheat-barley (Hordeum vulgare L.) mixture and oats (Avena sativa L.). The planting and harvest of all crops were done in the first decade of April and first decade of August each year. The experimental field was localized in a low productive area composed mainly of Podzol soils (IUSS Working Group WRB, 2015) derived from glacial sandy material. Ploughing tillage system and crop rotation including wheat, oats, barley, rye, triticale, maize and infrequently potatoes are commonly used in the region.
The mean temperatures in the growing season (April-September) and annual temperatures in 2001, 2002, and 2003 were 14.8, 15.8, and 15.1°C and 8.0, 8.7, and 7.7 ,°C, respectively. Corresponding the growing-season and annual precipitations were 404, 285, and 263 mm and 610, 550, and 442 mm. Both the growing-season and annual precipitations in 2002 and 2003 were lower than the long-term averages (351 and 567 mm). It should be noted that the monthly average air temperature in the period of intensive cereal growth (May-July) was the highest in 2003 along with a suitable distribution of rainfall amounts during growing season (Fig. 1) .
Soil and cereal yield analyses
Fig. 2 displays the spatial distribution of the measurement points of the soil properties and grain yields. The soil measurements including textural fractions, pH, SOC, CEC and water content were performed in 150 points evenly covering the whole field area (40 × 600 m). However, bulk density was determined in less number of points (116 at spring 2002 and 130 in autumn 2002 and in both seasons in 2003) that were located at the same selected points as with other soil properties. The grain yields of all cereals were measured in 72 one-square-meter plots located close to the measurement points of the soil properties.
In 2001, we determined the soil textural composition with the sedimentation method of Bouyoucos's with modifications by Casagrande and Prószyński, (ISO, 1995) , SOC with the Tiurin titration method (Ostrowska et al., 1991) , CEC by neutralization of acidic groups with a barium chloride solution (ISO, 1995) , and pH in 1 M KCl using a complex electrode Orion Research in the plough layer (0-25 cm) and subsoil layers (25-40 cm). BD was measured with the method developed by Blake and Hartge (1986) using 100 cm 3 cores with a height of 5 cm, and the soil water content was determined with a Time Domain Reflectometry meter (Malicki, 1990) in the plough layer in the spring and summer (just after harvest) in 2002 and 2003.
Data analysis
2.3.1. Classical statistics Basic statistics including the mean, standard deviation, minimum, maximum, kurtosis, and skewness for each soil property and cereal yields were calculated. The values of both kurtosis and skewness equal 0 indicate in general symmetrical distribution with similar the right tail (positive) and left tail (negative) of the distribution curve. If one tail is longer than the other, then there is asymmetric distribution. Based on the coefficient variation (CV) values the variability of soil properties and yields was classified as low (0-15%), medium (15-75%) and high (N 75%) according to Dahiya et al. (1984) . Pearson correlation coefficients between cereal grain yield and soil variables for each year and for cereal yield between all study years were calculated.
Geostatistical methods
Analysis of spatial dependence and distribution for each variable was performed using geostatistical methods. Mathematical functions were fitted to the experimentally derived semivariograms that were used for mapping the soil properties and cereal yields by kriging (Gamma Design Software, GS + 9, 2008).
The experimental isotropic semivariogram γ(h) and crosssemivariogram − γ 12 (h) for the distance h was calculated from the equations:
where N(h) is the number of pairs of points with values of [z 1 (x i ), z 1 (x i + h)], [z 2 (x i ), z 2 (x i + h)], distant by h, z 1 (x i ) and z 2 (x i ) are the values measured at point x i . Three parameters are distinguished for the semivariogram and cross-semivariograms: the nugget effect, the sill, and the range. When the semi-or cross-semivariograms are increasing functions starting from a certain value rather than zero, the value is named the nugget effect. It tells about the variability of the variable with a scale smaller than the sampling interval and/or accuracy of measurement. The value at which the semi-or cross-semivariogram function reaches saturation (approximately equal to the sample variance) is the sill. The distance from zero to the point where the semi-or cross-semivariogram reach 95% of the sill value is called the range that expresses the greatest distance at which the values samples are autoor cross-correlated.
For semivariograms and cross-semivariograms determined empirically, the following mathematical model was selected using the last squares method (Gamma Design Software, GS + 9, 2008):
-The linear isotropic model:
-The exponential isotropic model:
In the case of the linear model, there is no effective range and A is the separation distance (h) for the last lag class graphed in the semivariogram. In the case of the spherical model, the effective range A = A 0 . In the case of the exponential model, the effective range A = 3A 0 , which is the distance at which the sill (C 0 + C) is within 5% of the asymptote. In the case of the Gaussian model, the effective range A = 3 0.5
A 0 , which is the distance at which the sill (C 0 + C) is within 5% of the asymptote. The spatial dependences (C 0 /(C 0 + C)) b 0.25, 0.25-0.75, and N 0.75 are considered strong, moderate, and weak, respectively (Cambardella et al., 1994) . The semivariograms for each single studied variable and cross-semivariograms for the paired crop yields and textural fractions, pH, SOC or CEC in the plough and subsoil layers for each study year were calculated.
Estimation of values in places, where no samples have been taken, can be conducted with the help of an estimation method called the ordinary kriging method (Gamma Design Software, GS + 9, 2008): where N is the number of measurements, z(x i ) is the value measured at point x i , z*(x o ) is the estimated value at the point of estimation x o , and λ i are weights. Kriging weights are obtained from the system of equations:
Solving the above system of equations, we determined the kriging weights -λ i . The weights also allow determination of the estimated function z* and its variance from the formula:
The kriging method was used for drawing 2 D maps.
Results
Basic statistics
Basic statistics including the mean, minimum, maximum, kurtosis, and skewness for soil properties selected in this study are given in Tables 1 and 2 . The mean content of inherent sand in the plough layer 0-25 cm (86.0%) was slightly higher (by 2.2%) and that of silt (12%) slightly lower (by 2.1%) than in the subsoil layer (25-40 cm), whereas the clay content was not different in both layers (2-2.2%). Mean SOC and CEC were 0.83% and 11.8 cmol kg −1 in the plough layer and lower by 62% and 15%, respectively, in the subsoil. The soil in both layers were acidic (pH 3.9-4.4).
The CV values of the soil properties including textural fractions, SOC, CEC, and pH ranged from 5% for the sand content in the plough layer to 85.6% for SOC in the subsoil. The SOC had medium variability in the plough layer and high variability (CV N 75%) in the subsoil. . Irrespective of the study year and measurement occasion, the water content and bulk density exhibited medium (CV = 20.6-39.6%) and low variability (CV = 5.9-10.2%), respectively (Dahiya et al., 1984) . As indicated by the skewness values, the soil water content data exhibited slightly positive asymmetry (0.973-2.053), whereas for the bulk density it was positive (0.101-0.158) in spring and negative in summer (−0.41 to −0.364) in all study years. The kurtosis values indicate a slim peak for the soil water content (2.6 to 6.2) and a slightly flat peak for bulk density (−0.857 to −0.123). These indicate the bulk density values, compared to the soil water content data, were closer to normal distribution for which skewness and kurtosis are near zero.
The mean cereal grain yield ranged from 0. Table 4 presents linear correlation coefficients (r) between selected soil properties and cereal grain yield at p b 0.05 in the three study years. In 2001, the grain wheat yield was significantly and positively correlated with pH both in the plough layer and subsoil (r = 0.590 and 0.556). In 2002, the yield was negatively correlated with the sand content in the plough and subsoil layers (r = −0.316 and − 0.275) and positively correlated with the silt content, pH, and CEC (r = 0.291, 0.371 and 0.271) in the plough layer. However, there were no significant relationships between the yield and the above soil properties in 2003. The water content in summer 2002 was significantly correlated with the cereal yield (r = 0.389). It is worth stressing that the cereal yields among all study years were positively correlated (r = 0.342 to 0.598), which indicates inter-annual similarity in their spatial distribution.
Geostatistical analysis 3.2.1. Semivariograms
The distributions of most variables except the pH in the plough layer and the clay content in both layers were similar to the normal distribution and hence met the condition of a stationary or quasi-stationary process (Tables 1-3 and 5 ). This condition was met when the skewness was close to zero and the sill was similar for semivariance and classical variance. The normality for the pH and clay content was obtained after lognatural transformation. The exponential, spherical, and linear models were adjusted to 18, 3, and 2 variables, respectively (Table 5 ) with a satisfactory accuracy (R 2 N 0.6, data not shown). The largest nugget effects (C 0 ) indicating irregular and discontinuous distribution were noted in the sand and silt contents in both plough and subsoil layers (9.9-14.4) and they were substantially lower or null for all the other soil properties and crop yields (0.00-0.0881). The sills (C 0 + C) had the largest values in both layers for the sand and silt contents (15.45-20.50), CEC (11.14-12.71), and clay content (0.1596-1.92) and the lowest values for the water content in both spring and summer (0.00088-0.00135).
The values of the nugget to sill ratio show that the spatial dependence was very strong (b0.25) or moderate (0.25-0.75) for most soil properties and cereal yields, except for bulk density in spring in both 2002 and 2003 with weak spatial dependence (N0.75) (Cambardella et al., 1994) .
The Exp.
-exponential, Sph. -spherical, Lin.
-linear, C 0 -nugget variance, C 0 + C -sill, A -effective range.
Cross-semivariograms
The experimental values were best fitted mostly to the Gaussian (20), spherical (7), exponential (6), and linear (3) models (Table 6) . The cross-semivariogram models showed that the nugget effect (C 0 ) values were in general rather low (−0.032-0.0139) with the values of sill (C 0 + C) from −0.224 to 0.2378. The most consistent relationship between the crop yield and soil properties was the positive correlation between cereal yield and pH, silt content and CEC and the negative relationship between the yield and sand content. The nugget to sill ratio (C 0 / (C 0 + C) exhibited strong, moderate, and weak spatial interdependence (Cambardella et al., 1994) of paired variables in 31, 3, and 2 cases, respectively. The range of the spatial interdependence varied from 24.8 m to up to 2433 m, which is about four times greater than the length of the experimental field.
The cross-semivariogram analysis demonstrated a positive relationship of the cereal yield and water content in all years, indicating that both variables are associated (Table 6 ). However, the crosssemivariograms of the cereal yield and soil bulk density were negatively or positively spatially dependent, except in spring 2003 when a pure nugget effect (C 0 ) was observed. The crosssemivariograms of the cereal yields between the studied years were positive with a considerably larger range for the crop yield 2001 × 2003 (1404.0 m) than those for 2001 × 2002 and 2002 × 2003 (28.2-42 .3 m). Table 6 Cross-semivariograms parameters of soil properties and crop yields.
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Kriging maps
Maps of the soil properties and cereal yield were preliminarily drawn using ordinary kriging and co-kriging methods. The results were similar in both methods and, therefore, we used ordinary kriging based on semivariogram models (Table 5 ). The spatial patterns of sand, silt, and clay contents, SOC, CEC, and SWC were reflected in the patterns of cereal yields in all study years (Figs. 3-5) . Also the spatial patterns of the cereal yield among the study years were similar (Fig. 5) . Analysis of the maps indicates that, both in the plough layer and in the subsoil, the rightmost part of the field (approx. 400-500 m) has more sand whereas the middle and left parts of the field -more silt. The higher silt content in the plough layer in the middle left part of the field corresponds with the higher CEC and SOC.
The soil water content was much more variable in 2003 than in the growing season 2001. The higher soil water content in both spring and summer 2003 in the middle and left parts of the field corresponds with the higher silt and clay contents and cereal yield. In contrast, the rightmost part of the field had more sand and lower water content and cereal yield. The whole field soil had acid reaction of pH b4.4 (Fig. 3 ) displaying low variability (CV 6.0-7.4%) in both the plough and subsoil layers (Table 1) .
Discussion
Semivariogram and cross-semivariogram parameters
The variances defined in the classical way (standard deviation 2 ) in comparison to the semivariance equals the sill value (C 0 + C) for the data of variables studied were similar, which indicates the lack of a clear spatial trend and that further spatial analyses can be conducted without trend removal. The model parameters of direct and crosssemivariograms were appreciably different, irrespective of the adjusted type of the model, (Tables 5-6 ). The smaller nugget values (C 0 ) in the cross-compared to direct semivariograms indicate smoother spatial continuity and dependency between adjacent sampling points (Jabro et al., 2010; Paz-Ferreiro et al., 2010; Vieira and Gonzalez, 2003) . Furthermore, this implies a smaller nugget effect in the crosssemivariograms, compared with direct semivariograms, leading to reduction of short-scale variability when the influence of other variables
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Plough layer Clay (%) Fig. 3 . Maps of sand, silt and clay content, pH, soil organic carbon (SOC) and cation exchange capacity (CEC) for plough and subsoil layers in the experimental field.
and their measurement errors are considered (Millán et al., 2012) . The nugget to sill ratio values in a majority of direct semivariograms (14 out 23) and cross-semivariograms (32 out 36) were smaller than 0.25 indicating strong spatial dependence (Cambardella et al., 1994; Jabro et al., 2010) . The strong positive dependence between the cereal yield and SWC in spring 2002 coincided with the similar range of the crosssemivariogram, i.e. 59.8 m, and respective ranges in the direct semivariograms for the above variables, i.e. 58.5 and 59.4 m (Tables 5-6 ). This demonstrates well-defined co-variability structures of the paired variables and implies that the soil water content at the beginning of the growing season had a significant effect on the spatial distribution of the cereal yield. However, the absence of such similarity between the other paired variables may be related to the relatively small spatial scale in our study, but may occur on greater spatial scales (Gutiérrez-López et al., 2010) . It should be underlined that the range values of direct semivariograms are smaller than in crosssemivariograms (Tables 5-6 ). In the case of two pairs, i.e. the crop yield and silt content and the crop yield and sand content, the ranges (960-2463 m) were greater than the field dimensions (600 × 40 m). This indicates that the textural fractions can affect cereal yields, probably by an opposite indirect effect of silt and sand on the SOC content and the related different water and nutrient availability (Galantini et al., 2004) .
Effect of weather conditions
It is worth noting that the lowest mean cereal yield in 2001 surprisingly corresponds with the highest total rainfall amount (404 mm) during the growing season (April-September), whereas the greater grain (Table 3 , Fig. 1 ). This can be explained by the different weather conditions prevailing during the growing season. The largest crop yield in 2003 can be mostly due to the relatively high temperature and suitable distribution of rainfall amounts in May-June, which is a critical period for cereal growth in Poland (Skowera et al., 2015) . However, the positive relationship between the yield and soil water content in summer 2002 (r = 0.389) supports the significant contribution of water supply to cereal yields grown on sandy soil of low water holding capacity (Łabędzki and Bąk, 2017; Minasny and Mc Bratney, 2018) . This relationship can be a consequence of the relatively high rainfalls in June-July. Therefore, these results indicate that in sandy soils with low water holding capacity the cereal yields depend not only on the total amount of rainfall, but even to a greater extent on its temporal distribution as related to stage of plant growth. The analysis of results obtained from classical and geostatistical methods allowed us to show different direction and the impact of a particular soil variable on the grain yield depending on the weather conditions. The interactive effect of textural fractions and weather was visible by comparison a negative relationship between the silt content and the grain yield under wetter conditions in 2001 and positive under drier conditions in [2002] [2003] (Tables 3 and 4) . In some cases, the classic simple correlations between the selected soil properties and the cereal yield were not significant e.g. between SWC and the yield in 2003 and in spring 2002, which can be related to the limited number of data (72). However, in the case of spatial cross-correlations, the number increases due to inclusion of the interactions between the paired variables at different distances up to several thousands and thus reinforcing the strength of the statistical analysis and the conclusions about the impact and direction of a given variable on the crop yield.
Our results showed that the soil bulk density in spring in both years shows random spatial distribution, as indicated by the pure nugget effect in the linear model (Table 5 ). This may result from the presowing tillage operations just before sampling that align bulk density in the plough layer. However, occurrence of spatial dependence in bulk density at harvest time (in summer), as described by the spherical or exponential models, can be induced by external factors including soil subsidence, rainfalls, and machinery traffic during growing and associated changes in soil structure. The external factors and associated processes are described and explained by the first order autoregression Markov process and/or the Poisson process (Kuzyakova et al., 2001) and the moving average of random processes (Kuzyakova et al., 2001; Millán et al., 2012) .
It is worth noting that the ranges of semivariograms for the yield and pH, SOC, and CEC that substantially affect the crop yield in sandy soils are small (10.5-58.5 m). This means that these variables are spatially dependent only across relatively short distances and independent and randomly distributed when the distances are longer. These soil chemical properties were spatially related to the clay content, as indicated by a similar value of the range (25.4-36 m) in contrast to the silt and sand contents having greater ranges.
Maps of soil properties and cereal yields
The kriging maps revealed that the low cereal yield in our experimental field occurs in a distinct area (approx. 400-500 m). The soil in the low-yielding area has the lowest CEC, SOC content, and pH in both the plough and subsoil layers. This implies that the yield reduction in this area can be induced by limited accessibility of water and nutrients associated with the lower CEC and SOC and limited root growth due to the low pH value. This effect may be enhanced by the slight sloping in this area and resulting losses of water and nutrients due to surface runoff. An important factor contributing to the unfavourable levels of the soil variables in this distinct area can be the higher content of intrinsic and originally acid sand and its low specific surface area limiting the retention of SOC and CEC and availability of nutrients (Stawiński et al., 2000; Galantini et al., 2004) . Field-scale differentiation of the sand content can be related with spatially different glacial processes (Krasowicz et al., 2011; Woronko and Pochocka-Szwarc, 2013) .
It is worth noting that this distinct area within our experimental field (Fig. 3) along with the neighboring agricultural fields is seen on the aerial photograph as one similar larger zone separated by lighter color (in SE direction) (Fig. 6) . The lighter soil color can be a resultant of high content of the sand (quartz) fraction and low SOC, coloring the soil white and in dark, respectively (Dwivedi, 2017; Vodyanitskii and Savichev, 2017) . This implies that the kriging map derived in this study along with larger scale aerial photographs can help in upscale application of soil improving cropping systems (e.g. liming, organic fertilization) leading to greater SOC sequestration. This application can be further justified by our results indicating that the reduction of the cereal yield in the distinct zone occurred consistently in each of the three years with different weather conditions. The above analysis underlines the suitability of the spatial cross-correlation between cereal yields and selected soil properties and the suitability of the geostatistical approach with consideration of aerial photograph in separating a management zone characterized by unfavourable levels of several variables occurring concurrently within a single agricultural field. Low crop yields in the distinct zone were observed by local farmers.
Our results indicate that co-regionalization between cereal yields and different soil properties improves the description of spatial dependence and enhances the significance of maps generated with the kriging method (Paz-Ferreiro et al., 2010; . This supports the potential usefulness of cross-semivariance data in predicting the spatial distribution of the cereal yield as a primary variable from auxiliary variables e.g. sand content data that have been gathered usually during soil surveys (Fischer et al., 2008) .
Overall, the geostatistical approach including semi-and crosssemivariograms and kriging maps has proved to be an effective tool for division of the experimental field into homogeneous small areas with similar cereal yields and some soil properties. This will be useful information for farmers for identification of field areas for localized application of soil improving practices and for further larger-scale studies including visual aerial photographs, which are currently being conducted within the EU program Horizon 2020.
Conclusions
The application of the geostatistical approach including basic statistics, direct semivariograms, and cross-semivariograms improved the description of the spatial dependence between cereal yields and selected soil properties on a field scale. The cross-semivariograms and the kriging maps allowed delineating a field area with a low cereal yield and soil CEC, SOC, and pH. The reduced cereal yield in the distinct area was noted consistently in each of the three study years with different weather conditions. The distinct area is characterized by higher sand content and lower silt content, compared to other part of the field. This area in the experimental field along with some neighboring areas is seen on the aerial photographs as one similar zone separated by lighter soil color, probably due to the greater content of sand and the lower content of SOC. This implies that the analysis of the kriging maps together with a larger-scale aerial photographs allows delineating a larger critical zone based on the data of soil textural composition and organic carbon content that are often available in soil databases. In connection with this observation, further more detailed studies on the spatial relationships between crop yields and soil properties and on their usefulness in upscaling were undertaken on a larger scale.
